Spinal muscular atrophy (SMA) is a neurodegenerative disorder that is characterized by progressive loss of motor neuron function. It is caused by the homozygous loss of the SMN1 (survival of motor neuron 1) gene and a decrease in full-length SMN protein. SMN2 is a nearly identical homolog of SMN1 that, due to alternative splicing, expresses predominantly truncated SMN protein. SMN2 represents an enticing therapeutic target. Increasing expression of full-length SMN from the SMN2 gene might represent a treatment for SMA. We describe a newly designed cell-based reporter assay that faithfully and reproducibly measures full-length SMN expression from the SMN2 gene. This reporter can detect increases of SMN protein by an array of compounds previously shown to regulate SMN2 expression and by the overexpression of proteins that modulate SMN2 splicing. It also can be used to evaluate changes at both the transcriptional and splicing level. This assay can be a valuable tool for the identification of novel compounds that increase SMN2 protein levels and the optimization of compounds already known to modulate SMN2 expression. We present here preliminary data from a high-throughput screen using this assay to identify novel compounds that increase expression of SMN2.
Introduction
Spinal muscular atrophy (SMA) is a neurological disorder that results from loss of function of the anterior horn cells in the spinal cord, 1 manifesting as progressive motor weakness, muscle wasting, and paralysis. SMA is caused by insufficient levels of the survival motor neuron (SMN) protein. The SMN locus on chromosome 5q13 contains two inverted copies of SMN called SMN1 and SMN2. 2, 3 Most cases of SMA harbor homozygous deletions of the SMN1 gene and retain at least one copy of SMN2 (reviewed in 4, 5 ). With a carrier rate of about 1 in 40, SMA is estimated to be the most frequent genetic cause of infant mortality. 6, 7 SMN2 is a gene duplication of SMN1 with the same predicted amino acid coding capacity. The nucleotide sequences of SMN1 and SMN2 are nearly identical. A critical difference is a C to T transition at the +6 position in exon 7, which dramatically influences the splicing pattern in these genes. Greater than 90% of SMN1 transcripts include exon 7, whereas there is less than 15% exon 7 inclusion in SMN2 transcripts. 8 This alternatively spliced product produces a truncated and unstable form of the SMN protein. 9 Any increase in the inclusion of exon 7 in SMN2 transcripts would result in higher levels of full-length SMN protein. In fact, any treatment that increases the amount of full-length SMN2 mRNA should result in increased levels of SMN protein. Based on this premise, we developed an in vivo screen that can detect increases in full-length exon 7-included SMN2 transcripts.
We previously constructed a splicing reporter that fused SMN exons 6, 7, and 8 and their introns in frame with firefly luciferase and was expressed from a cytomegalovirus (CMV) promoter in C33a cells. 10 We found that this reporter could recapitulate changes in splicing observed with overexpression of the splicing factor Tra2β. 10, 11 This assay was used successfully to identify compounds that increase the amount of fulllength transcript produced by the SMN2 gene and SMN protein in fibroblasts isolated from an SMA patient. 12, 13 Another study used an SMN2 promoter-based reporter to screen a library of small molecules for the ability to increase SMN expression levels in NSC34 cells. 14 This reporter measured only SMN2specific transcription and lacked any SMN gene sequence.
It has been reported that histone deacetylase (HDAC) inhibitors such as sodium butyrate, 15 trichostatin A (TSA), 16 valproic acid (VPA), 17 suberoylanilide hydroxamic acid (SAHA), 18 and LBH589 19 increase SMN transcription and inclusion of exon 7. For many of these HDACs, relatively high (micromolar or millimolar) concentrations of these compounds are necessary. These activators are nonspecific and will alter transcription of many genes, so long-term safety has been questioned. However, type I severe SMA is fatal, and short-term administration of such compounds may be beneficial. These results serve as proof of principle that SMN reporters can be used as tools for identifying and characterizing protein factors and chemical compounds that increase expression of full-length SMN2 transcripts. Although these successes are promising, there is a clear need for more drug candidates.
Our first-generation splicing assay had low signal intensity, high basal expression of SMN-luciferase, and became less responsive with serial cell passage. 10 On this basis, we concluded that these cells were unsuitable for highthroughput screening (HTS). We redesigned our reporter system and built a more stable and reproducible assay that could be used for HTS. Here, we report a clonal secondgeneration SMN-luciferase reporter cell line that combines the strengths of both the promoter-based assay and our previous splicing reporter. We also present preliminary results from an HTS to identify novel compounds that increase SMN2 expression using this cell-based SMN-luciferase reporter assay.
This assay is much more robust, has lower well-to-well variation, and displays more stable luciferase expression that does not change with serial passage. It also faithfully reproduces the reported activity of an array of drug-like compounds that have been shown to increase SMN expression levels. This reporter can detect changes in SMN2 levels in response to overexpression of splicing factors such as Tra2β. This assay is a vast improvement on the previous generation of reporters and represents a valuable tool for further identification and characterization of compounds that increase expression of full-length SMN protein from the SMN2 gene.
Materials and Methods Cloning
The luciferase minigene from our previous reporter vectors SMN1-luc (T-luc) or SMN2-luc (C-luc) 10 was shortened by digestion with Sma I and Swa I to remove 2 kB from intron 6. The SMN exon 1-5 fragment was generated by PCR from human cDNA (exon 1 forward: ccacaaatgtgggagggcgataacc and exon 6 reverse: tatctcgagtggtccagaaggaaatggaggcagcc). The SMN promoter elements were from p3.4 T and p3.4 C SMN. 20 These were combined into pIRES cloning vector (BD Clontech, Mountain View, CA) at the multiple cloning site. The entire reporter fragment was excised from pIRES and ligated into a pCEP4 (Invitrogen, Carlsbad, CA) plasmid that also expressed renilla luciferase from nucleotides 299-1259 of phRL-null (Promega, Madison, WI) from the CMV promoter.
Cell Culture
Cells were incubated at 37 °C with 5% CO 2 . HEK-293 cells were cultured in D-MEM (Gibco 11995) with 10% fetal bovine serum (FBS; Atlas) and 1× pen-strep (Gibco 15140). Reporter cell lines containing SMN1, SMN2, or control luciferase reporter were selected and maintained in D-MEM with 10% FBS and 1× pen-strep with 200 µg/mL hygromycin B (Invitrogen 10687-010). 3813 and 3814 fibroblasts were cultured in D-MEM (Gibco 11995) with 15% fetal bovine serum (FBS; Atlas) and 1× pen-strep (Gibco 15140).
Luciferase Reporter Assay
The reporter cell lines were plated at 50 000 cells per well in 96-well plates and incubated overnight. Compounds were added to each well and incubated at 37 °C overnight. The final DMSO concentration was 0.1%. Luciferase activity was assayed with either SteadyGlo (Promega E2510) or DualGlo (Promega E2920) luciferase using the Perkin Elmer Envision multilabel reader. For detailed assay conditions, see Table 1 . All data points were transformed from counts per second (CPS) to percentage increase over basal expression in the treated control wells (DMSO or H 2 O as appropriate).
Protein Detection
For analysis of SMN-luciferase fusion, cells were treated with compound or DMSO for 24 h. Cells were lysed with protein lysis buffer (100 mM Tris pH 8.0, 100 mM NaCl, 0.1% NP-40, 8.0 M urea, and protease inhibitor). Each sample was separated on a 10% SDS-page gel, transferred to Immobilon-P membrane (Millipore IVPH00010), and blotted for the SMN-luciferase fusion with anti-luciferase antibody (Promega, G7541), SMN with the 4f11 mouse monoclonal antibody, 21 HA-tag with 12CA5 monoclonal, actin (Sigma A2066), or a-tubulin (DM1a; Sigma T6199). For detection of SMN protein in patient fibroblasts, 8000 cells per cm 2 were plated 24 h prior to drug addition. Fresh media and compound were added every 24 h. After 72 h, cells were harvested, washed with cold phosphate-buffered saline, and lysed as above. We have determined that 10 µg total protein per lane is within the linear range for immunoblot detection of SMN and a-tubulin. Western blots were probed for SMN with the 4f11 mouse monoclonal antibody and a-tubulin.
Quantification of protein was performed with the Fujifilm LAS-4000 Multifunctional Imaging System. The signal intensity was measured for each band on an immunoblot, normalized to the loading control, and the fold increase was determined in relation to the appropriate DMSO-treated control.
Overexpression Assays
Cells were plated at a density of 2 × 10 6 per 60 cm dish and incubated overnight. Cells were transfected with up to 6 µg of HA-tagged expression vector using Fugene 6 at a 3:1 fugene:DNA ratio and incubated overnight. After 24 h, cells were replated at 1 × 10 5 cells per well in a 96-well plate or 1 × 10 6 cells per well in 6-well dishes. Cells were tested 24 to 48 h later. Luciferase was assayed using DualGlo luciferase as described above. Protein lysates and RNA samples were collected using protein lysis buffer or Trizol, respectively. Protein was analyzed by Western blot, and RNA was analyzed by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR).
PCR and RT-PCR
Compounds were tested at three concentrations that display maximal activity in the luciferase assay. Cells were treated as described above for the luciferase assay. Cells were harvested by trypsinization, neutralized with trypsin inhibitor, and washed. RNA was isolated from the cells using Trizol Reagent (Invitrogen 15596-026). cDNA was generated using the Improm-II Reverse Transcription System (Promega A3801).
The forward primer pair recognizes the exon 5-6 junction, which includes a restriction site that was engineered into the reporter and will exclude amplification of endogenous SMN mRNA. The reverse primers recognize either exon 7 or luciferase for detection of full-length or total SMN-luciferase transcripts, respectively. For a reference control, we amplified cDNA from the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used include SMN exon5-forward (catttccttctggaccactcgag), luciferase-reverse (atagcttctgccaaccgaacgg), exon7-reverse (taaggaatgtgagcaccttccttc), GAPDH-reverse (G3A) (tccaccaccctgttgctgta), and GAPDH-forward (G3S) (accacagtccatgccatcac). qPCR was performed as described in the protocol for iQ SybrGreen Supermix (BioRad 170-8882) using an Eppendorf Mastercycler ep realplex 4 Thermo Cycler. Reactions were incubated for a 10-min 94 °C hot start followed by 45 cycles of the following: 94 °C for 45 s, 60 °C for 15 s, and 72 °C for 45 s. Melting curves for each reaction were obtained. Each sample was assayed in triplicate, and every plate contained a five-point cDNA dilution course to calculate amplification efficiency for each primer pair. The Pfaffl method was used to determine the change in transcript levels relative to the DMSO and normalized to GAPDH. 22 
Screening Protocol
Cells were plated in phenol red-free D-MEM (Gibco 21063) with sodium pyruvate (Gibco 11360) and 10% FBS in the absence of hygromycin B and pen-strep and allowed to adhere 1 h prior to addition of compound. Each compound was added to a single well with a Beckman Coulter Biomek FX 384 to a final concentration of approximately 2 µM from compound stocks, based on an average molecular weight of 500. The final DMSO concentration in test and control wells was 0.13%. Plates were sealed with porous paper tape and incubated for 24 h. Luciferase expression was measured using the SteadyLite luciferase (Perkin Elmer 6016981) substrate and the Molecular Devices LJL Analyst HT and read for CPS at an integration time of 100 000 µS. For com- parison, data points were transformed from CPS to percentage activation over basal expression in the DMSO-treated control wells. This is summarized in Table 2 .
Library Composition
The , and small molecules from academic institutions. Compounds were selected from vendors by applying a series of filters including clogP and predicted solubility. All of the small molecules generally adhere to Lipinski's rules 23 and contain a low proportion of known toxicophores (i.e., Michael acceptors and alkylating agents) and unwanted functionalities (i.e., imines, thiols, and quarternary amines) and have been optimized for molecular diversity. Compound source plates for the assay were prepared by spotting 0.4 µL of 1.67 mM compound in DMSO in each well of a Greiner 384-well plate, with columns 23 and 24 spotted with neat DMSO for positive and negative controls. These were then sealed with aluminum plate seals and stored at -20 °C.
Results

Development of a New Reporter
Over time, the original C33a reporter cell lines 10 displayed a decrease in the difference in luciferase signal from SMN1 and SMN2 (Supplemental Figure 1) and showed inconsistent responses to treatment with drugs known to increase SMN expression (data not shown). These original reporters were also driven by the CMV promoter and displayed much higher basal levels of SMN1and SMN2-luciferase activity in the absence of treatment (Supplemental Figure 1) , which could diminish the reporters' ability to detect compounds that are less potent and more selective. To address this, a new reporter assay was designed that would be more responsive to molecular cues that regulate the levels of SMN expression through multiple pathways. The SMN promoter and exon 7 splicing cassette were combined into a single construct to simultaneously identify compounds that increase SMN transcription or exon 7 inclusion (Fig. 1) .
The presence of the native SMN promoter may also influence recruitment of splicing factors to the transcript and better reproduce the context in which the endogenous gene is processed and expressed. Because a subset of compounds might stabilize the SMN RNA or protein, for example, by interfering with its metabolism or ubiquitination, exons 1 to 5 were included in the new reporter. This reporter produces a full-length SMN-luciferase fusion protein that should be regulated and metabolized in a manner that is more consistent with the endogenous SMN protein. The entire reporter was cloned into an Epstein Barr virus (EBV) vector that is maintained autonomously as stable episomes in some human cell lines. To summarize, our new assay design: (1) replaced the CMV promoter with 3.4 kb of the SMN1 or SMN2 promoters with an intact transcription start site; (2) included the cDNA for exons 1 to 5 following the authentic promoter and translational ATG; (3) deleted a portion of intron 6 since the size of the entire 6 kb intron complicated cloning; (4) included the exon 7 splicing cassette with the firefly luciferase reporter; (5) cloned renilla luciferase expressed from the CMV promoter into the construct for monitoring copy number, cell viability, and specificity of the transcriptional effects; and (6) transferred the 9 kb reporter SMN1 and SMN2 cassettes into EBV ori-based pCEP4. The result is reporters with sequences from SMN1 and SMN2 in the context of their respective promoters. These constructs, each ˜19 kb, will produce increased SMN-luciferase fusion protein if there is an induction of (1) transcription from the SMN promoter, (2) inclusion of exon 7, or (3) stabilization of the SMN-luciferase mRNA or fusion protein. Not only will this reporter be able to identify potential positive modifiers of SMN expression, but the design of the screen and the renilla control will also reduce the likelihood of selecting compounds that are toxic or cause nonspecific increases in transcription. These reporters were transfected into HEK 293 cells. These human cells are easy to culture and expand, highly transfectable, and SMN1-luc SAHA
SMN2-luc SAHA
SMN2-luc Sodium Butyrate
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Tubulin Fold increase maintain EBV-based plasmids extrachromosomally. Stable clonal cell lines were isolated that express the full-length SMN-luciferase protein as appropriate in both the SMN1-luc or SMN2-luc reporters.
Analysis of SMN1-luc and SMN2-luc Clonal Cell Lines Population
Luciferase expression was analyzed in the stable HEK293 cell lines containing the SMN1and SMN2-luciferase reporters. In the initial stable mixed cell populations, mixed SMN1-luc cells displayed 30% more luciferase activity than the mixed SMN2-luc cells. A pair of clonal cell lines was isolated, clonal SMN1-luc and clonal-SMN2-luc, in which the clonal-SMN1-luc cell line has 50-fold higher luciferase activity when compared with clonal-SMN2-luc cell line ( Fig. 2A) . This range of expression provides a large window for potential activation of SMN2 expression with drug treatment. Because these reporters were designed for use in either high-or low-throughput screens, the dynamic range of activation is very important. The selection of SMN2-luc clones that maintain low levels of basal SMN-luciferase expression was instrumental in establishing this range of activation and was a dramatic improvement over not only the original C33a-based reporter cell lines but also the mix population HEK293 SMN1-luc and SMN2-luc cell lines (Supplemental Figure 1) . Expression of the SMN-luciferase protein fusion was confirmed by Western blot (Fig. 2B) . All cells express endogenous SMN (38 kD), but only the SMN1-luc cell line expresses detectable levels of the SMN-luciferase fusion protein. The SMN-luciferase fusion protein could be detected only in the SMN2-luc cell line upon induction with compounds that increase SMN expression (SAHA and sodium butyrate in Fig. 3B) .
These clonal cell lines display the expected patterns of exon 7 inclusion in the reporter transcripts for both the SMN1luc and SMN2-luc cell lines. Published studies have determined that 90% of transcripts from SMN1 include intron 7, whereas only 10% to 20% of transcripts from SMN2 include exon 7. 8 In Figure 2C , end-point RT-PCR for each cell line is shown, and inclusion of exon 7 was calculated as 64% for SMN1-luc and 13% for SMN2-luc. By qRT-PCR using the primers illustrated in Figure 4 , the percentage inclusion for transcripts in each reporter was calculated more precisely; 95.1% ± 6.7% for SMN1-luc and 10.2% ± 0.9% for SMN2luc. Using these primers, we estimated the number of copies of each reporter in these clonal cell lines. SMN1-luc has one copy of the episomal reporter per cell, and the SMN2-luc cell line has about 10 copies of the reporter per cell.
To determine the half-life of the SMN-fusion protein in these cell lines, cells were treated with cycloheximide and assayed for residual luciferase activity for 24 h. The luciferase activity in the SMN2-luc cell line had a t 1/2 of 3.2 h (Fig. 2D) . This matches well with published data for endogenous SMN protein. 24 These data suggest that any changes in protein stability for the SMN-luciferase fusion protein would be easily detected within 24 to 48 h.
When the cell lines were tested for tolerance to DMSO (data not shown), it was found the luciferase expression was virtually unchanged when the final DMSO concentration in the reaction ranged from 0% to 1%. Concentrations greater than 1% decreased luciferase activity and were very likely detrimental to cell viability. Compounds are routinely screened at a final DMSO concentration equal to or less than 0.1%. Basal activity and response to compounds did not vary with serial cell passage and were very reproducible after the clones were thawed from liquid nitrogen storage (data not shown).
SMN-Luciferase Reporter Cell Response to Compound Treatment
In this assay, cells were treated with compounds previously shown to increase SMN2 protein levels and luciferase expression was read for counts per second (CPS) at an integration time of 100 000 µS (see Table 1 for detailed assay conditions). For comparison, all data points are expressed as percentage increase over basal luciferase expression in the control cells.
Compounds that were previously shown to increase SMN expression including SAHA, sodium butyrate, aclarubicin, TSA, indoprofen, and tobramycin were tested in our cell lines (Fig. 3A) . These compounds were screened in both the SMN1-luc and SMN2-luc cell lines, and percentage increase of luciferase activity was plotted for SMN1luciferase, SMN2-luciferase, and the CMV-driven internal renilla luciferase control. The activity for each compound, except tobramycin, matched or exceeded the published activities for these compounds (Fig. 3A and Supplemental Table 1 ). Tobramycin displayed no response in these cell lines. Tobramycin is an aminoglycoside that increases stable SMN protein levels from the SMN2 gene through transcriptional read-through of the termination codon in exon 8. By design, our reporter requires the inclusion of exon 7 and the frameshift mutation therein to restore the reading frame for luciferase. In the absence of exon 7, luciferase is out of frame. Read-through will not correct the frame shift, so tobramycin cannot and did not increase SMN-luciferase protein levels in the SMNluciferase reporter cell lines.
Changes in the SMN-luciferase fusion protein levels were confirmed with SAHA in both the SMN1-luc and SMN2-luc cell lines and with sodium butyrate in the SMN2-luc cell line. There was a moderate increase in SMN-luciferase protein in the SMN1-luc cell line with increasing SAHA (Fig. 3B) , which corresponds to the increase in luciferase activity (Fig. 3C) . We observed a greater than ninefold increase in SMN-luciferase protein when the SMN2-luc cell line was treated with either SAHA or sodium butyrate ( Fig. 3B) . This protein increase corresponds to an increase in luciferase activity (Fig. 3C) . These data confirm the correlation between luciferase activity and levels of fulllength SMN-luciferase protein. 
Analysis of mRNA in SMN2-Luciferase Reporter by qRT-PCR
Based on the new reporter design, we predicted that this screen could detect increased SMN-luciferase protein levels caused by compounds that stimulate SMN2 transcription or exon 7 inclusion or by increasing the half-life of the SMN mRNA or protein. qRT-PCR was used to analyze SMNluciferase mRNAs. All assays used RNA from control and compound-treated SMN2-luc cells, and primer pairs were chosen to amplify only the SMN-luciferase-derived transcripts ( Fig. 4A) . We used a pair of primers that specifically detects both full-length (exon 7 included) and Δ7 (exon 7 excluded) SMN-luciferase transcripts (primers 1 and 3). To measure changes in exon 7 splicing efficiency, we used a primer pair that detects only the full-length (exon 7 included) SMN-luciferase transcript (primers 1 and 2).
For each sample, the percentage increase in the amount of total SMN-luciferase transcripts (gray bar) and exon 7-included full-length SMN-luciferase transcripts (white bar) was plotted (Fig. 4) . Compounds that increase transcription should show increased total SMN-luciferase transcripts (gray bar) with a proportional increase for exon 7-included transcripts (white bar), assuming that proper splicing of exon 7 is not rate limiting. Compounds that stimulate exon 7 inclusion should increase the amount of exon 7-included full-length transcripts (white bar) detected with little to no change in the expression of total SMN-luciferase transcripts (gray bar). In these experiments, cells were treated with compound and harvested, and each cell pellet was divided for isolation of RNA and to assay luciferase activity. Each qRT-PCR sample was normalized to the housekeeping gene GAPDH. The Pfaffl method was used to calculate the change in the amount of total SMN mRNA and to determine whether compound treatments increased SMN transcripts. 22 With the pan HDAC inhibitor compounds SAHA, TSA, valproic acid, and sodium butyrate, we observed increases in both the total and exon 7-included full-length SMNluciferase transcripts. The increase in total SMN-luciferase mRNA suggests that these compounds are increasing transcription, as would be expected for HDAC inhibitors. These compounds also display a dramatic increase in exon 7-included full-length transcripts that was greater in magnitude than the increase of total SMN-luciferase transcripts. This suggests that the HDAC inhibitors stimulate both SMN transcription and exon 7 recognition and inclusion. With aclarubicin at 300 nM, there was a potent increase in total SMN-luciferase transcript. This increase was accompanied by a lesser increase in exon 7-included transcript, indicating that aclarubicin increases transcription of SMN2. In a cell in which transcription is increased and splicing efficiency is unchanged, the percentage increase in exon 7-included transcripts (gray bar) would be equal to the increase in total transcripts (white bar). In this case, the amount of exon 7-included transcripts has decreased even as the number of total transcripts increased. We conclude that although aclarubicin does increase transcription, it antagonizes exon 7 recognition and inclusion. We did not observe any consistent change in transcript levels with indoprofen.
Genetic Modulation of SMN-luciferase Protein Expression
To confirm that the reporter could also respond to proteininduced changes in SMN expression, we overexpressed the splicing factors SF2/ASF and Tra2β. SF2/ASF recognizes a splicing enhancer that includes C in the +6 position at the 5′ end of exon 7 in SMN1 to promote exon 7 inclusion. 25 This interaction is antagonized by hnRNPA1, which binds at an overlapping splicing silencer that is created by the C to T transition at the +6 position in exon 7 in the SMN2 transcripts. 25 Little to no increase in luciferase activity or change in RNA was observed in the SMN2-luciferase reporter cell-line ( Fig. 5A, C) . This was expected, because hnRNPA1 has a high affinity for the silencing element in exon 7 of SMN2. Even at its highest levels of overexpression, SF2/ASF was unable to effectively stimulate the weakened enhancer element (Fig. 5B) .
Tra2β is known to increase exon 7 inclusion in SMN2. 11 Despite low levels of Tra2β expression ( Fig. 5B) , transfected Tra2β stimulated luciferase activity twofold to threefold greater than the negative control (Fig. 5A) . With increasing amounts of Tra2β expressed, there was up to a sixfold increase in exon 7-included transcripts (white bar) with only a 1.4-fold increase in total transcripts (gray bar; Fig. 5C ). Analysis of the reporter mRNA confirmed that this SMN2luciferase reporter detects increased inclusion of exon 7. From these data, we calculated the efficiency of exon 7 splicing of the reporter construct. Inclusion of exon 7 was 6.5% in the negative control sample, and no increase was observed with heterologous SF2/ASF expression. Exon 7 inclusion increased to 20% with the highest amount of transfected Tra2β. This validates the use of the SMN2-luciferase reporter cells to detect and quantify changes in exon 7 inclusion as well as changes in SMN expression in response to drug treatment and protein overexpression.
Assay Validation for High Throughput
To evaluate the suitability of the SMN2-luc cells for HTS, test plates in both 96-well and 384-well format were prepared to determine signal strength, well-to-well percentage coefficient of variation (%CV), amplitude of drug response, optimal cell density, and time of treatment. We observed that these HEK-derived cell lines displayed signal variability at low cell densities. As can be seen in Table 3 , the correlation between luciferase signal and cell number was not linear. This is most obvious in the 384-well format. At low cell densities, these cells grow slowly and are less responsive to treatment. A cell density of 50 000 or 10 000 per well was found to be optimal in the 96-and 384-well plates, respectively. To assess responsiveness, 500 µg/mL sodium butyrate was selected as a stimulus. Although sodium butyrate is an HDAC inhibitor that can cause nonspecific transcriptional activation, it has been reported to stimulate SMN2 transcription and SMN2 exon 7 inclusion. 15, 26 Cells were treated for 24 or 48 h, and although we observed increases in overall signal intensity at the 48-h time point, there was no difference in the percentage activation with sodium butyrate over control. However, there was an increase in the well-to-well %CV. Therefore, 24 hours was chosen as the optimal time point for treatment. In the 96-well format, luciferase activity in the SMN2-luc cell increased by more than threefold with sodium butyrate, and well-to-well %CV was 5% for both treated and control cells. In 384-well format, the %CV for control cells was 11% and 3% for treated. The z′ scores were calculated as 0.74 in 96-well and 0.78 in the 384-well formats, confirming that these assay conditions are suitable for HTS. These data are summarized in Table 3 .
HTS and Hit Selection
An 115 000 compound library was screened using the screening protocol outlined in Table 2 . Each compound was added to a single well to a final concentration of ˜2.2 µM. The final DMSO concentration in test and control wells was 0.13%. Each plate included negative controls of 0.13% DMSO (n = 16) and positive controls of 500 mg/mL sodium butyrate with 0.13% DMSO (n = 16). For the entire screen, the average %CV was 9.1% for DMSO alone and 9.8% for sodium butyrate-treated wells. The average increase with 500 mg/mL was 3.1-fold or 210%. A hit was defined by activation of greater than six times the %CV (60%). A total of 462 hits were identified for an overall 0.4% hit rate.
Hit Confirmation
The 462 hits were replated from the screening library into master plates and then rescreened at 0.1, 1, and 5 µM in quadruplicate under conditions identical to the original HTS. Each compound was counterscreened against an unrelated luciferase control cell line that expresses luciferase from the minimal SV40 promoter and lacks an intron. This reporter should not respond to compounds that specifically affect the SMN promoter or compounds that change regulation of splicing. This allowed us to exclude compounds that may cause nonspecific increases in luciferase expression. Of the 462 initial hits, 168 failed to reproduce at least 60% activation with the SMN2-luciferase reporter clone and were categorized as false-positives (34% false-positive rate). The remaining 294 compounds were limited to a high-priority group of 19 scaffolds based on potency, strength of activation, dose dependency, specificity against luciferase control, and favorable chemical properties. All 19 compounds showed greater than 100% increase in reporter expression in the rescreen and stimulated the control reporter less than 40%. All 19 lacked overtly toxic functional groups and had chemical scaffolds that were tractable to chemical modification.
Fresh lots of 17 commercially available compounds were ordered and then rescreened in quadruplicate using a 12-point dose-response under the same conditions as the first two rounds of screening with both the SMN2-luc and SMN1-luc cell lines and using the SV40 luciferase control cell line. Because the SMN1 and SMN2 promoters are nearly identical, 20, 27 compounds that increased transcription of the SMN2-luc reporter would also increase transcription of the SMN1-luc reporter. The SMN1-luc cells should therefore be responsive to compounds that increase transcription from the SMN promoter. However, because the SMN gene in the SMN1 cells includes exon 7 efficiently (>90%), only a small increase in percentage activation is possible with compounds that stimulate exon 7 inclusion.
Overall, this panel of reporter cell lines offers the ability to discriminate between compounds that increase SMN expression through promoter and splicing specific mechanisms and rule out nonspecific activators. For example, LDN-109657 ( Fig. 6B) increased SMN2-luciferase levels up to 300% (fourfold) but also increased luciferase expression in the SMN-luc1 reporter and, to a lesser extent, the luciferase control cells. These data suggest that this compound acts by either increasing SMN transcription or protein stabilization. Several compounds decreased SMN1-luciferase expressed in the SMN1-luc reporter cell line but still increased SMN2-luciferase expression in the SMN2-luc cell line (LDN-72939 and LDN-79199; Fig. 6B) . Of the 17 compounds tested in the 12-point dose response, 13 increased luciferase expression by >60% and four did not. Preliminary confirmation and characterization of three of these compounds, LDN-72939, LDN-79199, and LDN-109657, are reported here. Overall, the amplitude of SMN-luciferase increase varied, but all three compounds displayed an EC 50 in the low micromolar range: 1.1 µM, 750 nM, and 2.4 µM, respectively.
To further evaluate the preliminary lead compounds, their effects on endogenous SMN protein levels were examined. Any cell containing even one copy of the SMN1 gene will produce enough SMN protein from SMN1 to mask the effects of the compounds on protein expression from the SMN2 gene. SMN null cells are not viable. The current standard is to test primary human fibroblast cells derived from a severe type 1 SMA patient. Most commonly used are the 3813 cells (SMN1 -/-; SMN2 +/+ ). These cells express very low basal levels of full-length SMN protein. For comparison, 3814 primary fibroblasts from the carrier parent (SMN1 +/-; SMN2 +/+ ) of this SMA infant are available. By quantitative immunoblot for full-length SMN protein, the heterozygous 3814 cells express three to five times more full-length SMN protein than in the 3813 cells 28 (Fig. 6C) .
The selected compounds were tested for their effect on total endogenous SMN protein levels. 3813 fibroblasts were treated with varying concentrations of each compound for 72 h (Fig. 6C) . We observed that these primary fibroblasts were sensitive to lower concentrations of compound than those used in the immortal reporter cell lines. Not all compounds increase endogenous SMN levels in the fibroblasts as well as others, regardless of their activity in the reporter cell lines. LDN-72939 was more active in the reporter cell line but showed little activity in the fibroblasts. LDN-79199 was less active in the reporter cells but increased endogenous SMN level twofold at 370 nM. LDN-109657 displayed high activity in both the reporter assay and in fibroblasts. It increased endogenous SMN levels twofold at 120 nM. The decrease in SMN at higher concentrations (1.1 µM and 3.3 µM) is likely due to either poor solubility or a decrease in cell proliferation in the fibroblasts.
Discussion
Spinal muscular atrophy is caused by an insufficient amount of functional, full-length SMN protein, usually resulting from deletion or disruption of both SMN1 alleles. All SMA patients retain at least one SMN2 gene, and disease severity inversely correlates with SMN2 copy number. 29 Because the SMN2 gene has the potential to express functional fulllength SMN protein, it is an attractive therapeutic target for the treatment for SMA. 30, 31 SMN2 expression can be increased through upregulation of transcription, promotion of exon 7 inclusion, stabilization of SMN2 mRNA and protein, or elevation of translation efficiency. HDAC inhibitors are known to influence transcription through histone deacetylation, which causes chromatin remodeling. We observed that the HDAC inhibitors sodium butyrate, TSA, VPA, and SAHA all increased the amount of total and exon 7 included SMN2-luc reporter transcripts (Fig. 4B) . Not only do these pan-HDAC inhibitors increase the quantity of SMN-luciferase transcripts, but a higher percentage of those transcripts are correctly spliced (Fig. 4B) . This bimodal mechanism for pan-HDAC inhibitor regulation of SMN2 expression may explain the high potency and efficacy observed with these compounds but may also predict other potential and possibly detrimental off-target effects.
Splicing of exon 7 is tightly regulated in both the SMN1 and SMN2 mRNAs. Conserved splicing enhancer and splicing silencing elements within exon 7 recruit splicing factors to the mRNA to regulate exon 7 recognition. 32 We tested two of these splicing factors, hTra2β and SF2/ASF, in the SMN2-luc reporter cell line. As expected, SF2/ASF had no impact on SMN2-luciferase expression ( Fig. 5) . hTra2β binds to a splicing enhancer downstream of the hnRNP A1 site and can stabilize U1 snRNP binding at the 5′ splice site of exon 7. This should dramatically increase exon 7 recognition and increase its splicing efficiency. We observe an increase in SMN-luciferase activity and a considerable increase in exon 7-included full-length SMN2-luciferase transcripts with hTra2β overexpression (Fig. 5) . The small increase in total reporter mRNA that accompanies this effect may be due to changes in the stability of the fulllength, exon 7-included mRNA and not an actual increase in transcription of the reporter.
Disruption or regulation of the mRNA or protein turnover machinery could also increase steady-state SMN levels. This could be the mechanism for the activity of indoprofen, the aminoglycosides, and the quinazoline compounds. 14, 21, 33 Indoprofen, a nonsteroidal anti-inflammatory drug, was identified using our first-generation reporter assay. 13 Its mechanism of action has not been determined, but recent evidence suggests that it has antiterminator activity that may stabilize the SMN Δ7 protein. It is possible that the quinazoline compounds could increase the translation efficiency of SMN mRNA, as suggested by the recent report of interaction with the RNA decapping factor DcpS. 34 Our new SMN2 reporter cell line combines the benefits of previous reporters and expands their potential to identify new regulatory circuitry for SMN2 expression. This assay has proven to be stable and reliable in 96-, 384-, and 1536well formats and has been used in three independent screening centers to identify novel modulators of SMN2 protein expression. Interestingly, the HTS at the NIH Chemical Genomics Center identified chemically distinct activators. 35 In addition to novel compounds, these screens also identified compounds known to modify SMN2 protein expression, including indoprofen, resveratrol, hydroxyurea, and aclarubicin.
In this report, we show preliminary characterization of LDN-72939, LDN-79199, and LDN-109657. Each of these compounds increases SMN-luciferase expression by at least 60%. LDN-79199 and LDN-109657 increased the levels of endogenous SMN protein in SMA-derived primary fibroblasts. Further characterization of these compounds as well as others is ongoing.
One of the drawbacks of the previous C33a reporter cell line was its high basal level of SMN-luciferase expression. This made detection of small increases in SMN-luciferase difficult. We initially encountered high basal level expression with the new HEK293 mixed-population reporter cells as well. By isolating and expanding clonal cell lines, we were able to select for cells with much lower levels of basal SMN2-luciferase expression. Another issue with the previous C33a reporter was a progressive loss of luciferase signal intensity and decreased responsiveness to drug treatment. This variability in signal strength and drug response made the previous generation reporter unsuitable for HTS. The new HEK293 cell lines have maintained constant luciferase expression and reproducible induction with drug treatment over hundreds of population doublings. This consistency was also observed by our collaborators at the other screening centers. The improvement in this reporter assay is likely due to a combination of factors, including the new reporter design, the episomal nature of the vector, isolation of clonal cell lines, and use of HEK293 cells.
Spinal muscular atrophy is fatal for approximately 5000 children each year in the United States, whereas tens of thousands of others live with limited mobility and progressive muscle weakness. There is no approved drug for the treatment of spinal muscular atrophy. It has been established that the amount of SMN protein expressed has an inverse relationship to the severity to the disease. Compounds that safely increase SMN protein levels would dramatically improve the quality of life for individuals with SMA. Our new assay represents a valuable tool for identifying new compounds, characterizing existing compounds, and driving medicinal chemistry programs on active chemical scaffolds.
